The expressions for zeroth, second, and fourth sum rules of the transverse stress autocorrelation function of a two-component fluid have been derived. These sum rules and Mori's memory function formalism have been used to study the shear viscosity of Ar-Kr and isotopic mixtures. It has been found that the theoretical result is in good agreement with the computer simulation result for the Ar-Kr mixture. The mass dependence of shear viscosity for different mole fractions shows that deviation from ideal linear model comes even from the mass difference in two species of the fluid mixture. At higher mass ratio, shear viscosity of the mixture is not explained by any of the empirical models.
I. INTRODUCTION
An appreciable progress has been made for studying dif fusion, viscosity, and thermal conductivity of one-component fluids. This has become possible only due to the collective efforts of experiments, theoretical studies, and computer simulations. The transport properties of the two-component fluids have also been of interest among the physicists and chemists due to their composition dependence and more re cently from the point of view of glass transition. Extensive computer simulation studies have been carried out to inves tigate transport phenomena in Lennard-Jones fluid [1] [2] [3] , soft sphere fluid [4] , and hard sphere fluid [5] mixtures. The composition dependence of diffusion and shear viscosity has been one of the aims of these studies. The composition de pendence of shear viscosity of a binary mixture from theo retical point of view is not yet fully understood. There exist models such as ideal linear model [6] and an exponential model [7] for composition dependence. But it has been found that there are deviations [3] from the predictions of these models. Some microscopic theoretical studies, based on mode coupling approach [8] and kinetic theory approach [9] , have also been made. Recently, Mukherjee et al [10] have studied the composition dependence of shear viscosity of modeled binary mixture system. In this modeled system, the two species have the same mass and same size but different interaction strength. It is found that deviations from ideality are enormous in such a system. In fact, in a real system, the two species differ in mass, size, and interaction strength si multaneously. In the present work, we study equimolar Ar-Kr mixture and a composition dependence of shear viscosity of the modeled mixture in which the two species are allowed to have only different masses. Similar studies have been carried out earlier [11, 12] for self-diffusion coefficients, predicting weaker mass dependence of self-diffusion in agreement with simulation studies [13, 14] .
To study the shear viscosity of the mixture, we have used the time correlation function approach coupled with the Mori-Zwanzig memory function formalism. In this approach, memory function is the basic quantity to be determined. The memory function can be calculated microscopically using binary collision [15] and mode coupling theories [16] . Though there already exists a microscopic expression [17] for the binary contribution, it has been derived only for a one-component system. Alternatively, one can study viscos ity coefficient by investigating the short time properties of transverse stress autocorrelation (TSAC) function and mod eled memory function. In the present work, we have derived zeroth, second, and fourth sum rules of TSAC ftmction. These expressions are quite general, applicable to any twocomponent system, and involve partial pair and triplet corre lation functions. These sum rules have been computed nu merically for equimolar Ar-Kr mixture. The result obtained for shear viscosity is in good agreement with the computer simulation result [1] . In order to investigate the effect of mass on shear viscosity of the mixture, we have studied dif ferent compositions for various mass ratios of the two spe cies. It has been found that even the mass difference in the two species leads to deviations from the empirical, linear and exponential models.
The layout of the paper is as follows. In Sec. II, we present theoretical formalism and derivation of expressions for the sum rules of the TSAC function for a general twocomponent system and an isotopic system. In Sec. Ill, results and discussion are given. Section IV consists of brief sum mary and conclusion.
II. THEORETICAL FORMALISM
The Green-Kubo expression relating transverse stress au tocorrelation function S(t) to viscosity [1] is given by V= kBTv\0 S^dt'
where kB, T, and V are the Boltzmann's constant, absolute temperature, and volume of the system, respectively. Here, S(t) is defined as S(/) = So-S2^r+S4^7 + ---, W w h e r e S 0 , S 2 , a n c * S 4 a r e c a l l e d z e r o t h , s e c o n d , a n d f o u r t h sum rules of the stress autocorrelation function, respectively.
A. Expressions for the sum rules

L Two-component system
The zeroth sum rule of TSAC function [18] is defined as 
where g3(r,r5) is the static triplet distribution function.
These results for S0 and S2 can also be obtained from the second and fourth sum rules of the transverse current corre lation function obtained [ 18] for the two-component system. The fourth sum rule is defined as S4 = {JXy(0)Jxy(0)). 
where U^r), in the above expression, is the pair potential between the particles of species fi and v. 
where Jxy represents the first time derivative of the dynami cal variable Jxy(t) and is given as 
From S0,S2, and542, respectively, given by Eqs. (6), (10), and (12), the already known expressions [19] for the onecomponent system can be obtained when the number of par ticles of either species is put equal to zero.
Isotopic system
We consider here a system in which two species differ only in their masses, with Nx particles having mass m x and N2 particles having mass m2. The study of such a system is important to know the effect of mass and concentration on 011201-2 shear viscosity. Analytical expressions for the mass and con centration dependence of sum rules of the TSAC function for such an isotopic system are derived by allowing all particles to interact with same pair potential. Substituting g,2(r) in Eq. (6), one finds that
It T C SQ = N(kBT)2+-~-Nn\ drg(r)x2Uyy. (13) This implies that So does not depend on mass of the particles and their concentration. Similarly, when the static correlation function and the interaction among all the particles are same, from Eqs. (10) and (12), the mass and concentration depen dences of S2(ml ,w2) and Wwj ,m2), respectively, are ob tained to be Mori has shown, however, that time correlation functions obey [20, 21] an equation of motion that determines their time evolution and is given by 
and S42(m{,m2)
where c = N\ IN is the concentration of particles having mass m\. S2(m, ) and S%(ml) are, respectively, given as in binary collision approximation [17] and with the mode coupling theory [20, 21] , the binary part calculations are still not known for the two-component system interacting via continuous interaction potential On the other hand, several phenomenological forms [22, 23] for the calculation of M,(/) have been proposed. Following earlier work which has pro vided [19, 23] reasonably good estimates of shear viscosity for the one-component fluid, we choose
where a -A/1 (/-0) = 5'2/50 and Z?2 == (S4 /S2) -(52/50), so that S(t) satisfies sum rules upto the fourth order.
Defining Fourier-Laplace transform as 
1 f00
Jo where S"(a)) is the imaginary part of S((o). Using Green-
Kubo expression [Eq. (1)], a general expression for the vis cosity has been obtained, which is given by
The above expressions for S2(mi) and S42(m1) are exactly the second and fourth (two body only) sum rules of the TSAC function of the one-component system [19] .
B. Expression for shear viscosity
To calculate shear viscosity from the expression given in Eq. (1), one requires to know time evolution of the TSAC function S(t). The exact evaluation of time evolution is pos sible only for a simplified description of atomic motion.
v=~vk^(o>=0)-
Using Eqs. (18), (21) 
(26)
In the above expression of the potential, the value of e for Ar-Ar is taken as en=120 KXkB, whereas for Kr-Kr e22 = 167 KXkB. The value of interatomic diameter for Ar-Ar is cru = 3.405 A and that for Kr-Kr is 022=3.633 A. For interactions among the unlike particles, we have used eu = v^n622 a°d 0'i2=(crn + o'22)/2. The mass density and temperature of the system are, respectively, taken as 1.84 gem"3 and 121.7 K, corresponding to the state where the simulation results for g(r) are available. This thermody namic state is close to the triple point. Numerical integra tions have been carried out by using the Gauss quadrature method. The triplet contribution to the second and fourth sum rule has been evaluated using the method explained in the Appendix. The values of S0, S22, S22)» S42» and S43 for Ar-Ar, Ar-Kr, and Kr-Kr are given in Table I . Here Snm rep resents m-body contribution to nth sum rule. Using the val ues of SQ,S2, and S4 given in Table I , we obtain 77=22.31 This predicts the value of the shear viscosity of the mixture to be 24.85X 10"5 Pas, which is closer to the calculated/ simulation value than the value predicted by Eq. (28). This finding is in agreement with the earlier investigation [2] .
Mass and concentration dependence
In order to check the validity of the above linear and exponential models, we will study here a system where the interactions among particles and the size of the particles have been kept same. The sum rules for S0, S2, and S4 given by Eqs. (13) , (16) , and (17) have been computed numerically for pure Ar system at p= 1.19 gmem"3 and T= 121.7 K. The values of S0, S2(m{), and S4(mx) are 535.578 X10"43J2, 561.508X 10"17 J2 s"2, and 374.383X1010 J2 s"4, respectively. The mass and concentration depen dences of sum rules for the isotopic system are obtained from Eqs. (13) , (14) , and (15), respectively. The values of the sum rules and Eq. (25) have been used to study the variation of viscosity with the mass and concentration for an isotopic fluid. Figure 1 shows the variation of viscosity with mass ratio at different concentrations (c=Nx/N) of particles of mass m j for an isotopic fluid. Using the fact that shear vis cosity of a pure system varies as a square root of the mass, the mass and concentration dependence of shear viscosity for an isotopic fluid using linear model is then given by The results obtained from Eqs. (29) and (30) are also shown in Fig. 1 . It is seen from the figure that at c = 0.25, the linear model is able to explain the mass dependence but for m2lmx<4. At higher mass ratio, the exponential model seems to be better. At c = 0.75> the exponential model pre dicts better results than linear model but only for small mass ratio. At higher mass ratio (>4), there is a significant depar ture from both the models.
To underline reasons for this deviation, we examine be havior of S2 and S4 with changes in the concentration and mass ratio. It is noted that with increase in m2lm j, S2 in creases linearly but S4 increases as a square of mass ratio, as is evident from Eqs. (14) and (15) . It is also found that S4 does not follow the linear behavior with increase in concen tration, whereas S2 increases linearly. To analyze the effect of only S4 on shear viscosity, we also calculate the viscosity using only S0 and S2. The expression obtained for rj by assuming that S(t) = S0 sech(\J(S2 /S0)t), is given as
This for an isotopic system becomes
The mass dependence obtained from this relation is also shown in Fig. 1 as dotted line. It can be seen from the figure that by including S4, one could improve the mass and con centration dependence of shear viscosity.
IV. SUMMARY AND CONCLUSIONS
We have derived expressions for the first three nonvanish ing sum rules of the TSAC function, and evaluated them numerically for a two-component system. Using these ex pressions, coupled with Mori's memory function formalism, we have calculated shear viscosity of equimolar Ar-Kr sys tem. It is found that our approach provides an estimate of shear viscosity close to the computer simulation/ experimental data. Further, it is found that the exponential model predicts better results than the linear model in agree ment with the earlier investigations. In order to underline the reasons of deviation from the linear model, we have studied the mass and concentration dependence of an isotopic mix ture where the interactions among the like and the unlike particles are assumed to be the same. The study of an isoto pic system reveals that at large mass ratio there is a consid erable deviation from the ideal linear model. Thus, one con cludes that deviations from the linear model in a real system can also be attributed to the mass difference in the two spe cies of a mixture. Further, for very large mass ratios there are deviations even from the exponential model. Thus, one finds that two empirical models can be useful only when the two species of a mixture are not very different in their masses. ACKNOWLEDGMENT K.T. acknowledges the facilities provided to him as a regular associate of Abdus Salam ICTP, Trieste, Italy, where a part of this work has been carried out.
APPENDIX
The angular integration of the sum rules of the TSAC function is done using the method explained earlier [19] . The angularly integrated expression for zeroth sum rule is given as
where
B~( l/r)[dU(r)/dr] and A = (l/r)(dB/dr).
The sub scripts /iv on A and B imply that interaction is among /jl and v species of the system. The angularly integrated expression of the two-body contribution to second sum rules is given as 
where £ is cosine of angle between r and r'. Though there exists superposition approximation for the calculation of trip let contribution in a one-component system, it is not yet clear how to extend it to a two-component system. For a twocomponent system, atleast two of the three particles belong to the same species. Obviously, the correlation will be con centration dependent, in this way, we propose for a twocomponent system
In this approximation, we have only taken care of concentra tion dependence and the possible combination of partial cor relations. This approximation reduces to the already known Kirkwood superposition approximation when one of the spe cies is absent, and also for the isotopic system. This approxi mation is based upon the fact that the correlation between jjl and v species is direct, whereas correlation among the same species is weaker and concentration dependent. The result obtained using the approximation (A4) is given in Table I .
On the other hand if we write S23 in reduced units, i.e., length in terms of a and energy in terms of £, so the integral involved is dimensionless. The expression thus obtained is given as 
The superscript * means that the respective quantities are in reduced units. We approximate the integrand to have the same value for all partial triplet correlation function, true in an isotopic system, but with their weighted values in terms of their different strength of potential (e) and atomic size (cr). The integral has been calculated using the superpo- Table I . Therefore, we estimate triplet con tribution to the fourth sum rule in a similar manner and cor responding results are also given in Table I .
The angular integration of the fourth sum rule of the TSAC function involving the two-body distribution function is given as 
where D -(l/r)(dC/dr). Expressions given here are suit able for numerical integeration. The stress auto-correlation function (SACF) is microscopic manifestation of viscosity transport coefficient of a many body system. Sufficient information is available for the stress auto-correlation function (SACF) for one component system due to computer simulation' and theoretical studies2. However, for liquid mixture, the time development of SACF has not yet been investigated. Thus reason for deviation of shear viscosity from the available empirical models3,4 is not fully understood. In true binary liquid mixture, the two species can differ in interaction strength, size and masses. In order to know the effect of any of these parameters separately, theoretical studies or computer simulation is needed. Recently a model system has been studied5 in which the interaction strength among two species is varied and it is found that there is considerable deviation from the existing empirical models. In the present work we will be investigating die effect of varying only the mass ratio of two species in liquid mixture which we call as isotopic mixture. The time evolution of SACF has been studied using Mori memory function formalism. It has been found that SACF relaxes slowly with increase in mass ratio.
Stress Correlation Function in Isotopic Mixtures
THEORY
The tiim evolution of SACF, S(t) which is. auto-correlation function of momentum current can be evaluated from the Mori equation of motion given as Here, Q, is the operator projecting into the subspacc orthogonal to the transverse stress tensor 1(1) and L is a Liouville operator. Defining Fouricr-Laplace transform as
The time evolution of SACF can be obtained from I m 
S(t) = -\S"(co)cos(a)t)da),
CALCULATION AND RESULTS
In order to study time evolution of SACF from Eq.(4) we require zeroth, second and fourth ■ sum rules. We have derived expressions for these for two component fluids.
Using the values of sum rales for an isotopic system interacting via Lennard Jones potential at density U4gm/cm3 and T*121.7K, wc have calculated S(t) for 1 different mass ratio of isotopic mixture of different concentrations. The results obtained for S(t) at different mass ratios are plotted in fig. 1 for equimolar system versus t* -t/ps. It can be seen from the figure that with increase in mass ratio S(t) decreases more slowly, implying an increase For a given mass ratio, the dependence of time evolution of S(t) on concentration of heavier particles is depicted in fig.2 . It can be seen from the figure that with increase in the concentration of heavier particles S(t) decays slower and results in the increase in viscosity as shown in the table 1. It can be seen from the table that both the models show deviation at higher mass ratios. Here, it may be noted that our calculations at c=0 and c=l are corresponding to one component systems and differ only in their particle masses. The viscosity at c=l is V(mj/m2) times the viscosity at c=0, which is an exact result.
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